A new bound on the low reheating temperature with dark matter by Choi, Ki-Young & Takahashi, Tomo
ar
X
iv
:1
70
5.
01
20
0v
1 
 [a
str
o-
ph
.C
O]
  2
 M
ay
 20
17
A new bound on the low reheating temperature with dark matter
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We investigate a new bound on the low reheating temperature in a scenario where the Universe
experiences early matter-domination before reheating after which the standard big bang cosmology
begins. In many models of dark matter (DM), the small scale fluctuations of DM grow during the
early matter-domination era and seed the formation of the ultracompact minihalos (UCMHs). Using
the constraints on the number of UCMHs from gamma-ray observations, we find a lower bound on
the reheating temperature between O(10) MeV − O(100) MeV for WIMP dark matter depending
on the nature of DM. A similar bound could be obtained for non-WIMP dark matter by observing
UCMHs gravitationally such as pulsar timing, microlensing and so on in some future observations.
PACS numbers: 95.35.+d, 04.25.Nx
Introduction.— The early Universe is very well
known for the temperature below 1MeV. In other words,
the reheating temperature of the Universe must be higher
than this to be consistent with current observations such
as big bang nucleosynthesis, cosmic microwave back-
ground and large scale structure.
When the reheating temperature is lower than MeV,
the neutrinos are not thermalized fully and do not have
the Fermi-Dirac distribution. This changes the proton-
to-neutron ratio, then the abundance of 4He, which sets
the limit on the reheating temperature as Treh & 0.7MeV
(or Treh & 2.5MeV − 4MeV in the case of hadronic de-
cays) [1, 2]. With this low reheating temperature the os-
cillation of neutrinos can affect the thermalization too [3].
By combining with cosmic microwave background and
large scale structure data, the lower bound on the re-
heating temperature can be increased [4–6]. From the
recent Planck data, the lower bound was obtained as
Treh & 4.7MeV when the neutrino masses are allowed
to vary [7].
The reheating of the Universe can happen in many sit-
uations in the early Universe due to the decay of heavy
non-relativistic particles. Some examples include the de-
cay of inflaton field after inflation [8, 9] or the decay
of heavy long-lived particles such as curvaton [10–12],
moduli or gravitino/axino [13–16]. The common fea-
ture of these reheating process is that an early matter-
domination (eMD) by the decaying particles precedes the
reheating period and subsequent radiation-domination.
When the reheating temperature is low enough, it
is often the case that dark matter (DM) are already
non-relativistic and decoupled from the relativistic ther-
mal plasma. Since it is already decoupled and non-
relativistic, the density contrast of DM can grow linearly
in the scale factor within horizon during eMD which is
much faster than that in a usual radiation-domination
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epoch. DM density perturbations in this kind of sce-
narios have been discussed in [17–19]. The enhanced
perturbations then provide a higher probability to seed
the small substructures such as ultracompact minihalos
(UCMHs), which are expected to survive to the present
time [20, 21]1. Therefore the determination of the present
number of UCMHs can give clues to the early time of the
Universe.
Up to now there is no convincing observation of small
clumps of dark matter and this restricts the number
of UCMHs in the Universe. The bound on the frac-
tion of UCMHs in the total matter, which we denote
as f , was used to put constraints on the primordial
power spectrum in the literatures. The strongest one
comes from the gamma-ray searches by the Fermi Large
Area Telescope for weakly interacting massive parti-
cles (WIMPs), through the annihilation of dark mat-
ters [25, 26]. UCMHs can also be probed by purely grav-
itational methods such as the small distortions in the
images of macrolensed quasar jets [27] with a constraint
of f . 0.1 for k ∼ 102 Mpc−1, astrometric microlens-
ing [28] with f . 0.01 for k ∼ 103 − 104 Mpc−1 and the
pulsar timing [29, 30] with f . 0.01 for k ∼ 105 Mpc−1,
which might be observed in the future.
In this Letter, we suggest a new bound on the low
reheating temperature, using the current and possible
future constraints on the abundance of UCMHs.
Density perturbation during early matter-
domination.— During the early matter-domination,
the density perturbation of dark matter grows linearly
with the scale factor, if they are already decoupled and
non-relativistic. δχ ≡ δρχ/ρχ for a Fourier mode k
which enters the horizon during the eMD is given by
δχ = −2Φ0 − 2
3
Φ0
(
k
kreh
)2
, (1)
1 The formation of dense dark matter object in the RD era has
also been investigated [22–24].
2where Φ0 is the primordial gravitational potential and
kreh is that for the mode which enters the horizon at the
time of reheating. The wavenumber k for a mode which
enters the horizon during the eMD is related to the scale
factor a and the Hubble parameter H as
k = kreh
(
a
areh
)−1/2
= kreh
(
H
Hreh
)1/3
, (2)
where areh (a < areh) and Hreh are respectively the scale
factor and the Hubble parameter at the time of reheating
due to the decay of non-relativistic heavy particle. The
scale of reheating kreh has a relation to the reheating
temperature as
kreh = 0.012 pc
−1
(
Treh
MeV
)(
10.75
g∗s
)1/3( g∗
10.75
)1/2
, (3)
where g∗ and g∗s are effective degrees of freedom of rel-
ativistic species and entropy, respectively.
When the scale enters before the beginning of the eMD,
then the linear growth is limited to the epoch of eMD as
δχ ≃ −2
3
Φ0
(
kdom
kreh
)2
for k > kdom, (4)
where kdom denotes the scale which enters the horizon at
the beginning of the eMD.
For WIMPs, they could be still in kinetic equilib-
rium with relativistic plasma for temperature around be-
tween MeV and GeV and the growth might be prevented
even during early matter domination. However recent
study [19] shows that even in kinetic equilibrium, the
subhorizon isocurvature perturbation can be generated
during the eMD as [19]
δχ ≃ 5
4
Φ0
(
k
kreh
)2
, (5)
for the scales which enter the horizon during the eMD.
However the density perturbations at small scales are
suppressed due to the free streaming of dark matter. For
super-WIMP case where DM interacts superweakly such
that they are already kinematically decoupled, the free-
streaming scale can be calculated as [8]
k−1fs =
1
2pi
∫ teq
ti
v
a
dt ≃ 1
2piHNRaNR
[
1 + log
(
adom
aNR
)
+2
(
1−
√
adom
areh
)
+
√
adom
areh
log
(
aeq
areh
)]
∼ 10−10
(
100GeV
mχ
)(
kdom
kreh
)1/2
Mpc,
(6)
where teq is the time at the radiation-matter equality
and ti is some initial time much before eMD. The scale
factor a with subscript NR, dom, reh, and eq represent
kdom/kreh
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FIG. 1: Constraints on Treh and kdom/kreh for WIMP DM
case. The yellow region is disfavored from Fermi-LAT ob-
servation for the case with kfs > 5 × 10
7 Mpc−1 where the
free-streaming effect is negligible on the scale probed by the
observations. Cases with kfs = 10
6 and 107 Mpc−1 are also
shown with purple and blue lines, respectively. The orange
regions is disfavoured by BBN and CMB observations.
the time when DM becomes non-relativistic, the begin-
ning of eMD, the reheating epoch and the time of the
radiation-matter equality, respectively. Here we assume
that super-WIMP becomes non-relativistic before eMD
begins2. For WIMP, one can write it as [18]
k−1fs =
1
2pi
∫ teq
tkd
v
a
dt ≃ 1
2pi
√
Tkd
mχ
a(Tkd)
∫ aeq
a(Tkd)
da
a3H(a)
≃ 7.7× 10−8
(
100GeV
mχ
)1/2(
MeV
Tkd
)1/2
Mpc,
(7)
where tkd is the time of the kinetic decoupling of WIMP
dark matter with mass mχ, which is assumed to occur
after reheating. Here Tkd is the temperature at tkd and
we put the scale factor at present as unity a0 = 1. DM
fluctuations below this scale (i.e., k > kfs) are suppressed
due to this free-streaming effect, which can be taken into
account by multiplying a factor exp
(−k2/2k2fs) to the
transfer function of δχ.
Bound on the reheating temperature from UCMH.—
The growth of dark matter density fluctuations during
the early matter-domination enhances the formation of
UCMHs after the radiation-matter equality. A large
number of UCMHs can produce various signatures that
2 When the super-WIMP becomes non-relativistic during the
eMD, the mass dependance changes.
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FIG. 2: Projected bound on Treh and kdom/kreh given that
f is constrained as f > 10−6, 10−3, 10−1 at the scale kc = 10
6
and 107 Mpc−1, which may be obtained from future obser-
vations by gravitational methods such as pulsar timing and
gravitational lensing. Hence this bound can also be applica-
ble to non-WIMP DM. The orange region is disfavoured by
BBN and CMB observations.
can be detectable by gamma-ray and cosmic ray for
WIMPs or by gravitational interactions in astrophysical
observations, from which one can constrain the fraction
of UCMHs in the total matter
f ≡ ΩUCMH
Ωm
, (8)
where Ωm and ΩUCMH are the mass density of UCMH
and matter in units of the critical density of the Universe.
For WIMP dark matter, the Fermi-LAT can put
bounds on f for scales from k ≃ 10 Mpc−1 to k ≃
107 Mpc−1 which reaches as lowest as f > 4 × 10−7
at k ∼ 103 Mpc−1 for the annihilation cross section of
〈σv〉 = 3× 10−26 cm3 s−1 of WIMPs into bb¯ pairs [26].
One could also probe the abundance of UCMHs with
gravitational ways such as pulsar timing, microlens-
ing, small-scale distortion of macrolensed images [27–30]
which could constrain f in the future as
f & 0.1− 0.01, (9)
for the scale around k ∼ 102−106 Mpc−1 [27–30]. These
scales enter horizon around the cosmic temperature be-
low T ≃ 100 MeV in the standard big bang Universe.
This bound can be applied for any kind of dark matter
forming UCMHs since the observations are gravitational.
Here we briefly describe the formalism to constrain the
UCMH abundance and the reheating temperature. For
details, we refer the readers to [26]. Observations can
put bound on the fraction of UCMH mass in our galaxy,
which can be given as
f = β(R)fχ
zeq + 1
zc + 1
, (10)
where fχ = Ωχ/Ωm with Ωχ being the density param-
eter of dark matter and zc is the redshift at which the
structure formation starts and the growth of the mass is
assumed to be halted. The factor (zeq + 1)/(zc + 1) cor-
responds to the growth of the mass by the infall of dark
matter inside UCMH-forming region. β(R) is the proba-
bility of forming UCMHs for the region of comoving size
R, which can be given by
β(R) =
1√
2piσ2χ,H(R)
∫ δmax
δmin
exp
[
− δ
2
χ
2σ2χ,H(R)
]
. (11)
Here σ2χ,H is the DM mass variance at horizon entry,
which is calculated as
σ2χ,H(R) =
∫ ∞
0
W 2top−hat(kR)Pχ(k)
dk
k
, (12)
with Wtop−hat(x) = 3(sinx − x cosx)/x3 being the top
hat window function. Here the matter power spectrum
Pχ(k) has a relation to that for the curvature perturba-
tion PR(k) as [26]
Pχ(k) = θ4Tχ(θ)2PR(k), (13)
with θ = kR/
√
3 and Tχ(θ) is the transfer function for
DM.
The δmin (δmax) is the minimal (maximal) δ of dark
matter for the formation of the UCMHs eventually. The
effect of the growth of DM density fluctuations is ac-
commodated in the δmin. In the standard Universe,
δmin ∼ 10−3 and δmax ∼ 0.3. However due to the growth
during the eMD, in our scenario δmin can be lower. To
determine this, we follow the method in [26] with the
modification to the transfer function in accordance with
the evolution of δχ given in Eqs. (1) and (5). To be con-
servative, we require that the collapse happens before the
redshift zc = 1000.
Since β ∼ exp(−δmin) for small δmin, and δ grows as
δ ∼ k2 during the eMD, β (therefore f in Eq. (10)) is
highly sensitive to the scale k. This means that the for-
mation of UCMHs happens efficiently for a certain scale.
When this scale overlaps with the scales constrained by
observations, the production of UCMHs is easily con-
strained. That is the reason of the sharp boundary at
kdom/kreh ∼ 5 in Figs. 1 and 2.
Case for WIMP dark matter.— For the reheating
temperature around GeV or below, the usual WIMP
of 100 GeV mass is already chemically decoupled but
they continue to be in the kinetic equilibrium until MeV.
In this case, even in the kinetic equilibrium, the large
isocurvature perturbation can be generated as in Eq. (5)
and lead to the formation of UCMHs [19]. However the
free-streaming of WIMP also erases the enhanced den-
sity perturbation and the formation of UCMHs on the
scales smaller than kfs. From Eq. (7), the free-streaming
scale of WIMP with mass 100GeV and Tkd = 1MeV is
kfs ≃ 1.3× 107 Mpc−1.
4In Fig. 1, we show the constraints on the reheating tem-
perature from Fermi-LAT which is applicable to WIMP
dark matter. The yellow region below the correspond-
ing free-streaming scale is disfavored and gives the lower
bound on the reheating temperature. The orange re-
gion is disfavoured by the BBN and CMB observations.
For enough growth of density perturbation to be visible,
kdom/kreh & 5 is necessary.
Case for super-WIMP dark matter.— Super-weakly
interacting massive particles are already decoupled for
the temperature of our interest T . O(1)GeV. Its fa-
mous examples include gravitino, axino, axion or right-
handed sterile neutrino dark matter [31]. During the
eMD, its density perturbation grows as Eq. (1).
Super-WIMP dark matter has too small annihilation
cross section to give sizable signatures in the gamma-
ray observations. Instead the future observations us-
ing gravitational methods such as pulsar timing, mi-
crolensing and so on can be used to constrain the abun-
dance of UCMHs made of super-WIMPs. In Fig. 2,
we show the expected bound on the reheating temper-
ature given that the bound on the fraction of UCMHs
as f > 10−6, 10−3, 10−1 at the scales kc = 10
6 and
107 Mpc−1 respectively. The lower right region below
the lines would be disfavoured.
We can see easily that the bound mostly depends on
the observational scales rather than the value of the lower
bound on the fraction f . This is due to the exponential
dependence of the probability to form UCMHs in Eq. (11)
on δmin, which is proportional to k
2.
The primordial relic density of super-WIMP which
have existed from before the early matter-domination is
diluted by the entropy production due to the decay of
heavy particles and a new component is produced during
or after reheating. The final dark matter abundance is
the sum of both contributions
Yχ =
Si
Sf
× Yχ,1 + Yχ,2, (14)
where Yχ = nχ/s is the ratio of the number density of
dark matter to the entropy density s = 2pi
2
45 g∗sT
3. Yχ,1 is
the abundance of dark matter produced before the early
matter domination (for example, at reheating stage after
inflation) and Yχ,2 is the new dark matter abundance
produced after early matter-domination. Here Si/Sf is
the suppression due to the entropy production and in the
sudden decay approximation it is given by [8]
Si
Sf
≃ Treh
Tdom
. (15)
For gravitino or KSVZ axino, the dominant contribu-
tion comes from the highest temperature after reheating,
which is denoted as Tinf , and thus
Yχ(T0) =
[
α
Tinf
Tdom
+ α
]
Treh ≃ α Treh
Tdom
Tinf , (16)
where we used Y = α(T )T and ignored the logarithmic
dependence of α(T ) on T . For the last equality we used
Tinf ≫ Tdom. Therefore, in spite of the entropy suppres-
sion, the gravitinos produced before the eMD can be still
dominant. For given gravitino and gaugino mass, the
dark matter relic density requires
Tinf ≃ 1015GeV
(
Tdom
103GeV
)(
10MeV
Treh
)
, (17)
with α ≃ 7.4 × 10−23GeV−1 with gravitino mass of 100
GeV and gluino mass 1TeV.
Note that, in this case there could be large scale isocur-
vature perturbation between dark matter (produced from
inflaton) and radiation (produced from heavy decaying
field) when the decaying field is independent on the in-
flaton field [32–34]. In such case, the super-WIMP dark
matter is strongly constrained from CMB [35] and would
be ruled out.
Case for non-thermal dark matter.— Dark matter
can be produced non-thermally from decaying particles
during reheating process. The evolution of the density
perturbation depends on the velocity of dark matter.
When the produced dark matter particles are relativistic,
their fluctuations do not grow and there is no constraint
on the reheating temperature. In the case of degenerate
mass, the density perturbation of non-relativistic dark
matter may grow [17] and the constraint on the reheat-
ing temperature can be obtained. In this case, its lower
bound is similar to that of super-WIMP case in Fig. 1.
For dark matter of bosonic coherent motion such as the
axion, they are already non-relativistic and the constraint
in our study is applied [36].
Case for light dark matter.— The light thermal dark
matter with mass below MeV is still relativistic for tem-
perature larger than MeV. Therefore there is no en-
hancement in their density perturbation during the early
matter-domination and no constraint on the reheating
temperature from UCMHs is obtained.
Conclusion.— The reheating process in the early
Universe accompanies an early matter dominated era
when the decoupled non-relativistic dark matter can
have enhancement in their density perturbation. The
growth of density fluctuations helps to form the UCMHs
that can be probed by astrophysical observations. Us-
ing the current and possible future bound on the frac-
tion of UCMHs, we could constrain the epoch of the
early matter domination. Especially the reheating tem-
perature can be constrained to be larger than around
O(10)MeV−O(100)MeV for broad models of dark mat-
ter.
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